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INTRODUCTION

Considerable evidence suggests that poor prognosis in breast cancer may be due to overly-activated
growth-factor receptors such as ErbB2, the IGF-1 and epidermal growth-factor receptors, and c-Met
(see ref 1 for review). A downstream signaling protein common to all these kinases is the adapter
protein, She. She helps activated growth-factor receptors to transfer signals to the c-Ras-MAP
kinase pathway (and thus facilitates passage through the G I phase of the cell cycle...requisite for
DNA synthesis and cell proliferation). Additionally She appears to signal to Jun kinase and to Myc
(implicated in cell proliferation, apoptosis (programmed cell death) , and cellular responses to stress).
Recently, we have shown that many human breast cancer cell lines (but not non-cancerous breast
epithelial cell lines) not only harbor constitutively activated (phosphorylated on tyrosine 317) She
proteins (the 52-kDa and 46-kDa isoforms)(see ref. 2, below), but the breast cancer cells require
signaling from She in order to proliferate(ref. 3).

A third, 66-kDa isoform of Shc(p66 She) can act as a feedback inhibitor of growth-factor signaling
to MAP kinase and to c-fos(ref 4,5), and as an apoptotic sensitizer for oxidative stress(ref 5,6).
Previously we have reported a strong negative correlation (r=-0.94, p<0.001) between the cellular
levels of activated She and cellular expression of p66 She in the breast cancer lines.

For the breast cancer cells that depend upon constant signaling from p52/46 She, and that thereby are
under constant oxidative stress, we hypothesized that there would be strong selective pressures to
reduce the level of expression (or function) of the 66-kDa She isoform. Thus p66 She may function
as a novel tumor suppressor for these breast cancers.

We began testing this novel hypothesis by forcing these breast cancer cells to re-express normal
levels of p66 She, and then determining the effect of p66 She re-expression on signaling pathways
and on the neoplastic phenotype.

Specific objectives were to determine the effects of p66 She re-expression on:

i) constitutive and growth-factor-induced signaling to MAP kinases, c-fos, Jun kinase and Myc.
Inasmuch as p66 She reportedly acts as a feed-back down-regulator of growth factor-receptor
signaling, we would expect that p66 Shc re-expression might reduce constitutive signaling to
MAPK, c-fos, and perhaps c-Myc. However, insofar as the Jun kinase is a major player in cellular
responses to oxidative stress, p66 Shc may increase Jun kinase activity.. .particularly in response to
exogenous oxidative stress;

ii) cellular functions important for the neoplastic phenotype. To the extent that p66 Shc inhibits
signaling to MAP kinases, c-fos and Myc, we would expect p66 Shc re-expression to inhibit DNA
synthesis and proliferation of the breast cancer cells. Additionally, re-expression of p66 Shc might
severely impair the ability of the breast cancer cells to avert apoptotic death in the face of oxidative
stress from the constant growth factor-receptor signaling, or in response to exogenous sources of
oxidative stress. Further, the She proteins, especially p66 Shc, also have been implicated in cellular
interactions with the extracellular matrix.. .collagen in particular. Thus, p66 Shc re-expression may
alter cellular adhesion or migration on certain substrata;

iii) the growth and metastasis of breast cancers in tumor xenografts. Reduced DNA synthesis,
increased propensity to apoptotic death and altered interactions with extracellular matrix may
profoundly inhibit tumor growth and alter metastatic ability of cells that re-express p66 Shc.
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BODY

The body of this progress report is presented in sections preceded by the original Objectives
which appear in italics. Some of the work has been submitted as an Abstract (attached in the
Appendix) to the Orlando DOD Breast cancer meeting.

Preliminary Objective: To construct breast cancer cell lines that have been
engineered to re-express the 66-kDa Shc protein.

We transfected a p66-Shc construct (on the pLSXN vector, using Lipofectamine plus as a transfection
reagent) containing base pair changes of the p46- and p52-Shc translation initiation start sites, into
MDA-MB-453 and SKBR-3 breast cancer cell lines. Clones exhibiting G418 resistance(antibiotic
selection marker) were isolated and tested for stable expression of the recombinant p66-Shc (Fig. 1).

Clone 3F # Clone 4D #
"1r I

8 9 1 2 4 5 6 7 8 9 10
N,,, p66Shc 1453 EV 1 453 D7 I

Q = * •'"pTyr-p66
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2 3 56 789 1213141611ý 21

Figure 1. Clonal expression of p66 She.
Levels of p66-Shc expression in the MDA-
MB-453 (top panel) and SKBR-3 (bottom
panel) parental cell lines and in the p66-Shc
transfected stable clones. MCF-7D2 Figure 2. The levels of p66-She and p52-Shc
expressing endogenous p66 Shc as well as an tyrosine phosphorylation are the same
78-kDa Gst-p52 dn-Shc fusion protein served despite p66-Shc expression in MDA-MB-453
as a positive control. Cells were extracted in cells. Proteins were immunoprecipitated as in
detergent-containting buffer, and proteins Fig. 2 but probed with antibody to
were immunoprecipitated with antibody to phosphotyrosine.
Shc and immunoblotted with antibody to Shc.

Several of the SKBR-3 clones expressed high levels of p66 Shc compared to the levels of expression
of endogenous p46 and p52 Shc proteins. In contrast, the MDA-MB-453 sub-clone 4D7 expressed
levels of p66 Shc equivalent to levels of endogenous p46 and p52 Shc. Interesingly, expression of
p66 Shc in the MDA-MB-453 cells did not alter the level of p52- or p46 Shc tyrosine
phosphorylation, and the p66 Shc itself became tyrosine phosphorylated (Fig. 2).

A major objective (originally listed as Objective iii) was to determine if forced re-
expression of p66 Shc altered the growth and metastasis of the breast cancers in
tumor xenografts.

Because of difficulty in growing even the parental MDA-MB-453 and SKBR-3 breast cancer cell
lines as tumor xenografts, we evaluated the effects of forced p66 She re-expression on their cell
growth in vitro. Population doubling times in adherent, monolayer culture of two of the p66-
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expressing clones of SKBR-3 were longer than that of parental cells or cells expressing the empty
vector (Fig. 3). However, clone 13 and the MDA-MB-453 clone D7 exhibited monolayer doubling
times indistinguishable from the parental cells or empty vector clones. Thus, absence of p66-She
expression does not appear to be required for the vigorous growth of the SKBR-3 and the MDA-MB-
453 breast cancer cell lines under adherent conditions in tissue culture monolayers.

5
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Figure 3. The growth of SKBR-3 and MDA-MB- Figure 4. Forced expression of p66-Shc inhibits
453 parental cells, empty vector cells and p66-Shc colony growth on soft agar. Breast carcinoma cell

expressing clones in monolayer. Cells (10,000) lines, SK-Br-3 and MA-NB-453, transfected to

were seeded in triplicate into wells of 6-well plates express p66 Shc (SK-Br-3/#3, SK-Br-3/#5, SK-Br-

pre-coated or not with poly HEMA, cultured 4 days, 3/#13, SK-Br-3/#21, MDA-MB-453/p66), or the

and counted. pLXSN empty vector.

Perhaps the best and most widely accepted in vitro correlate of tumorgenicity is the ability of cancer
cells, but not non-transformed cells, to grow and form colonies under anchorage-independent
conditions. We asked if p66-She re-expression altered this critical characteristic of the breast cancer
cell lines. To test this, parental, empty vector clones, and p66-Shc expressing clones of SKBR-3 and
MDA-MB-453 were seeded into soft agar and colony growth was monitored. Strikingly, while
parental and empty vector-containing SKBR-3 and MDA-MB-453 cells formed large, vigorous
colonies, all of the p66-Shc-expressing SKBR-3 clones formed only micro-colonies, and the MDA-
MB-453 clones D7 failed to grow at all (Fig. 4). Similar results were seen when cells were cultured
in methyl cellulose, an anchorage-independent medium that permits easy recovery of cell populations
for biochemical analyses.

The observation that p66 Shc appears to inhibit tumorgenicity (anchorage-independent growth) of the
breast cancer cell lines is a major finding, and is consistent with our hypothesis that p66 Shc can
function as a tumor supressor. The remaining studies sought primarily to begin to understand the
mechanisms whereby p66 Shc inhibits anchorage independent growth.

First, however, we conducted preliminary investigations of the regulation of p66 Shc expression in
the breast cancer cells. Pulse-chase 35S-Met metabolic labeling studies of breast cancer cells forced to
reexpress p66 Shc suggested that the reduced expression of p66 Shc is not due to rapid protein
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turnover.. .half-life of the p66 She protein was roughly equal to that of the p46 and p52 proteins:
about 12 hrs. Furthermore, semi-quantitative PCR studies of several breast cancer cell lines
suggested that the level of p66 Shc protein expression is commensurate with the levels of mRNA
expression. These results suggest that the reduced levels of p66 Shc seen in breast cancers are due to
regulation at an earlier level, perhaps gene transcription or mRNA stability.

A specific objective of the proposed research was to determine the effects of p66 Shc
re-expression on constitutive and growth-factor-induced signaling to MAP kinases, c-
fos, Jun kinase and Myc.

In preliminary and still ongoing experiments, we have begun to examine the effects of p66 She re-
expression on the activity in two critical pathways possibly relevant to the mechanisms whereby p66
Shc inhibits anchorage independent growth. If p66 Shc inhibits colony formation on soft agar and
methyl cellulose by inhibiting cell proliferation, we might expect it to be doing so in part by its ability
to act as a feed-back down-regulator of the MAP kinases, Erk-1 and Erk-2. To examine this
possibility, cells grown in monolayer culture or in methyl cellulose for 48 hrs were harvested and
extracted in Laemmli sample buffer. Proteins were resolved by SDS polyacrylamide gel
electrophoresis, transferred to nitrocellulose, and probed with antibodies that specifically recognize
the activated, phosphorylated Erk proteins, and then visualized using an appropriate secondary
antibody-horse-radish-peroxidase conjugate and enhanced chemiluminescence. As a control of equal
loading of gel lanes, immunoblots were then stripped and re-probed with antibodies that recognized
total Erk protein. The re-expressed p66 She does not appear to lower activity of Erk-1/-2, either
under anchorage dependent or anchorage independent growth conditions (data not shown). Thus, if
p66 She re-expression is inhibiting cell proliferation, this inhibition does not appear to be due to
reduced MAPK activity. However, this needs to be confirmed, and extended to the whole two to
three-weeks time course of colonial growth in methyl cellulose.

If, on the other hand, p66 She is inhibiting anchorage independent growth by increasing the rate of
apoptotic death, we might expect p66 She-expressing clones to contain increased levels of activated
phosphatidyl-inositol 3-kinase(PI3K). Cells under oxidative stress (from constitutive growth-factor
signaling) phosphorylate serine 36 in p66 She. This may allow p66 She to bind to a complex of Grb-
2-Gab-2 and P13K. In any case, P13K becomes activated and in turn activates AKT/PKB, which in
turn phosphorylates the Forkhead transcription factor(6). The phosphorylated Forkhead cannot be
translocated to the nucleus, and thus cannot stimulate transcription of its target genes, including the
gene encoding catalase. Without catalase to neutralize reactive oxygen species(ROS), the cellular
levels of ROS increase, ultimately inducing cell death. In a very preliminary study technically
similar to that described above for activated Erks, we have observed that the p66-Shc re-expressing
clones have greatly elevated levels of phosphorylated, activated AKT, compared to parental and
empty vector controls. This would be consistent with p66 Shc having an impact on cell survival.
Clearly, one of the first things that we'll address in our ongoing studies (supported in part by a pre-
doctoral DOD fellowship...see reportable outcomes section) will be to determine if the ability of p66
She to inhibit colony formation is due to decreased rates of cellular proliferation, increased rates of
cellular apoptosis, or both.

As one approach to elucidating the molecular pathways impacted by p66 She in the breast cancer
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cells, we have begun to explore and identify proteins with which p66 Shc complexes. Because others
have suggested that p66 Shc sequestors Grb-2, preventing or reducing productive signaling to Ras
from p46 and p52-Shc-Grb-2-SOS complexes, we examined the MDA-MB-453 breast cancer cell
lines for complexes of Grb2
with Shc isoforms. 451/empty ventnr I 453/p6--Sh, 4 I
Although copious amounts of
p66 Shc co-immuno- Growth Conditions monolayer polyHema monolayer polyHema

precipitated using antibodies I [ I I

to Grb2, p66 Shc expression IP 1 2 3 1 2 3 1 2 3 1 2 3

did not diminish the amounts
of p52 Shc co-immunopreci- ,,, 4 p66

pitating with Grb2 (Fig. 5).
This result is consistent with
our observed inability of p66
Shc to inhibit Erk activation
in these cells. We don't,
however, know whether the
Grb-2 is associated with p66 Figure 5. Does Grb2 co-immunoprecipitate both p52- and p66-She?

Shc via association with the The parental MDA-MB-453 cells carrying the empty pLXSN vector

serine(residue 36)- (453/empty vector) or the clone forced to re-express p66 Shc (453/p66-Shc

phosphorylated CH2 N- 4D7) were cultured for 24 hours in serum-containing IMDM media under
normal anchorage dependent conditions (monolayer) or under semi-

terminal domain of p66 Shc, anchorage independent conditions on polyHema-coated Petri

via association with its dishes(polyHema). Proteins were extracted from the cells in a buffer

phosphorylated tyrosine containing 1% Triton-X-100, and then immunoprecitated with Protein A-

(residue 317), or with both. Sepharose 4BCL beads(negative control, lanes 1), with monoclonal antibody
to p66 Shc (lanes 2) or with antibody to Grb2 (lanes 3). The
immunoprecipitated proteins were resolved by 12.5% SDS PAGE, transferred
to a nitrocellulose membrane, probed with a pan-Shc polyclonal antibody,
and detected by ECL.

We further sought to determine if other molecules were complexed with p66 Shc, and in particular if
any were complexed with p66 Shc that were not complexed with the other Shc isoforms. To address
this question, MDA-MB-453 cells expressing either the empty vector or p66 Shc (clone D7) were
metabolically labeled with 35S-Met, proteins were extracted in detergent and immunoprecipitated as

detailed in Fig. 6. Although difficult to interpret, the re-expressed p66 Shc appears to be complexed
with proteins of 22-, 28-, 45-, 50-, 85-, and 105-kDa proteins. Curiously, the pan-Shc-specific rabbit
antibody immunoprecipitates the 29-kDa Grb-2 very poorly, although the p66 Shc-specific
monoclonal antibodies directed to the N-terminal CH2 domain unique to p66 Shc are potent co-
precipitators of Grb-2. This, taken together with the observations in Fig. 5, suggests that the
epitope(s) recognized by the pan-specific Shc antibody are partially hidden by Grb-2. Similarly, the
pan-Shc antibody fails to immunoprecipitate a prominent 50-kDa protein that is immunoprecipitated
by the monoclonal p66 Shc antibody. This suggests that the binding of the 50-kDa protein to Shc
similarly hides epitope(s) recognized by the pan-Shc antibody.

8



p66-Shc clone 4D7

Ra• p66- P66-
ProA She P66 ProA Shc Grb2

M 
yosin

S....• •!i'! . ___p52-She

Figure 6. p66-Shc binding proteins. MDA-MB-453
cells re-expressing p66-She and the empty vector were
cultured in 1 mci 31S for four hours. Cells were then
extracted with a detergent containing phosphatase
inhibitors and protein kinase stimulators. Subconfluent
cells were then immunoprecipitated with protein A as
negative control (ProA), with pan-Shc antibody (RctShc
monoclonal antibody to p66Shc (p66), antibody to Grb.
(Grb2), cleared of p66 Shc and its complexes by p66-SI
MoAb followed by ProA (p66-ProA), and p66-Shc Mo)
followed by pan-Shc (P66-Shc) to detect proteins bouný
to p46 and p52 Shc. Proteins were resolved on a 6%-
12.5% gradient SDS-PAGE gel and viewed by
audioradiagraphy.

An additional specific objective in the proposed research was to determine the
effects of p66 Shc re-expression on cellular functions important for the neoplastic
phenotype: DNA synthesis, cell proliferation; apoptotic sensitivity to endogenous or
exogenous oxidative stress; cell migration and cell invasion.

As mentioned above, studies of the effects of p66 Shc re-expression on cell proliferation/DNA
synthesis and apoptosis are now of paramount importance and will be performed shortly, supported in
part by a pre-doctoral DOD fellowship to Lisa (Williams) Nelson. Studies on the effects of p66 Shc
re-expression on cell migration and cell invasion are in progress.
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KEY RESEARCH ACCOMPLISHMENTS:

" Demonstration that forced re-expression of the 66-kDa Shc isoform in breast cancer cell lines
(SKBR3 and MDA-MB-453) inhibits their tumorgenicity, as measured by colony formation on
soft agar and in methyl cellulose.

"* Demonstration that the re-expressed p66 Shc protein complexes with Grb-2 but does not lessen
Grb-2 association with the 52-kDa Shc isoform nor lessen the level of Erk activation.

REPORTABLE OUTCOMES:

" We have developed transfected cell lines derived from the breast cancer cell lines, SKBR-3 and
MDA-MB-453, that stabily and constitutively express the 66-kDa Shc isoform.

" An abstract entitled, "The 66-kDa Shc Protein Inhibits Breast Cancer Tumorgenicity", authored
by Lisa R. Williams, Pamela A. Davol, and A. Raymond Frackelton, Jr. Ph.D, has been submitted
for presentation at the Orlando DOD Breast meeting in September.

" Ms. Lisa Williams (now known as Mrs. Lisa (Williams) Nelson) has been awarded a pre-doctoral
fellowship, BC01 1332, entitled, "Mechanism by which p66 Shc suppresses breast cancer
tumorigenicity"

CONCLUSIONS:

We had observed that breast cancer cell lines that harbored activated growth-factor signaling
pathways displayed reduced levels of p66 Shc. Because of known growth inhibitory and apoptosis-
promoting functions of p66 Shc, we hypothesized that p66 Shc acted as a tumor suppressor for such
breast cancers. To begin to test this hypothesis, we have forced breast cancer cell lines to re-express
p66 Shc. Cell lines re-expressing p66 Shc are unable to grow under anchorage-independent
conditions, a classical correlate of tumorgenicity. Thus, p66 Shc may be a novel tumor suppressor
for breast cancers.
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APPENDIX

The 66-kDa SHC PROTEIN INHIBITS BREAST CANCER TUMORGENICITY

Lisa R. Williams, Pamela A. Davol, and A. Raymond Frackelton, Jr. Ph.D.

Departments of Medicine and Pathology, Roger Williams Medical Center and Brown University, 185
Chalkstone Avenue, Providence, RI 02908

Email: LisaWilliams@Brown.edu

Poor prognosis in breast cancer is often associated with constitutive activation of ErbB2, EGF,
IGF-1 or other cellular receptors. Most breast cancer cell lines have high levels of activation
(tyrosine phosphorylation) of a downstream signaling molecule, the 52-kDa Shc adapter protein,
central to all of these signaling pathways and implicated in driving cell motility and proliferation.
In contrast, a 66-kDa form of the Shc protein that appears to function normally as a feedback
inhibitor of growth-factor signaling was absent or present at reduced levels in these same cells.
In a companion abstract in these proceedings (Frackelton et al.), we report that increased levels
of tyrosine phosphorylated Shc coincident with decreased expression of p66 Shc serve as an
excellent predictor of aggressive breast cancers with high likelihood of disease recurrence.

The purpose of the research under this Concept Award was to begin to explore the regulation of
the p66 She isoform and to determine if its reduced expression in breast cancers was required for
some critical aspect of the neoplastic phenotype. Pulse-chase 35S-Met metabolic labeling studies
of breast cancer cells forced to reexpress p66 She suggest that the reduced expression of p66 Shc
is not due to rapid protein turnover. Furthermore, semi-quantitative PCR studies suggest that the
level of p66 Shc protein expression is commensurate with the levels of mRNA expression.
These results suggest that the reduced levels of p66 Shc seen in breast cancers are due to
regulation at an earlier level, perhaps gene transcription, splicing or mRNA stability.

To test the role of the p66 Shc splicing isoform on the neoplastic phenotype, the SK-BR-3 and
MDA-MB-453 cell lines were forced to re-express p66-Shc by stabily transfecting them with a
pLXSN vector containing the full length p66 Shc coding region. After G418 selection, multiple
clones were isolated that stabily expressed p66-Shc at levels comparable to non-transformed
breast epithelial cells. The p66 Shc-expressing SK-BR-3 and MDA-MB-453 clones showed no
obvious or consistent differences from the parental lines or from clones carrying the pLXN
empty vector in their morphology or growth rates under adherent conditions. In contrast,
however, the p66-Shc expressing clones failed to form colonies when grown under anchorage-
independent conditions in soft agar or methyl cellulose. We are currently exploring the
molecular requirements and molecular mechanisms whereby the 66-kDa She isoform inhibits
this in vitro correlate of tumorgenicity, anchorage independent growth.

Reduced expression of the 66-kDa Shc isoform predicts poor prognosis in node-negative breast
cancer. Furthermore, in vitro, its reduced expression appears to be required for tumorgenicity.
Understanding the mechanisms by which p66; Shc inhibits breast cancer tumorgenicity will
allow us to better understand its role in the development of breast cancer, and should help us to
the better design of rationale, targeted therapies.
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